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Abstract  
The electronic properties of armchair graphene nanoribbons (AGNRs) can be significantly modified 
from semiconducting to metallic states, by applying a uniform perpendicular magnetic field (B-field). 
Here, we theoretically study the bandgap modulation induced by a perpendicular B-field. The applied 
B-field causes the lowest conduction subband and the top-most valence subband to move closer to one 
another to form the n=0 Landau level. We exploit this effect to realize a device relevant MR 
modulation. Unlike in conventional spin-valves, this intrinsic MR effect is realized without the use of 
any ferromagnetic leads. The AGNRs with number of dimers, Na=3p+1 [p=1,2,3,…] show the most 
promising behavior for MR applications, with large conductance modulation and hence, high MR ratio 
at the optimal source-drain bias. However, the MR is suppressed at higher temperature due to the 
spread of the Fermi function distribution.  We also investigate the importance of the source-drain bias 
in optimizing the MR. Lastly, we show that edge roughness of AGNRs has the unexpected effect of 
improving the magnetic sensitivity of the device and thus increasing the MR ratio. 
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I. Introduction 
The growth of research activities surrounding graphene-based materials and their 
applications increases considerably in the last few years due to their unique physical 
properties for promising device applications, such as the extremely high carrier 
mobilities,1,2 fractional quantum Hall effects,3,4 chiral tunneling (the Klein paradox of 
relativistic quantum mechanics)5,6, and bandgap opening of bilayer graphene under 
the electrostatic field.7,8 Several promising device applications have thus been 
demonstrated and proposed.9-12 Furthermore, another advantage of graphene is the 
possibility to pattern the graphene nanoribbons (GNRs) to induce a bandgap via 
quantum confinement, and achieve a semiconductor-like behavior. This versatility has 
spawned various studies on the transport,16-18 magnetic,19-25 and optical properties24,25 
of GNRs. 
In addition to the quantum confinement due to the finite size in the transverse 
direction, an external magnetic field also causes an effective confinement, which 
further constrains the electron motion in the GNR. At sufficiently large B-field, the 
cyclotron radius of electron motion becomes smaller than the GNR width, resulting in 
the formation of Landau levels (LLs). One of the interesting properties of graphene 
and GNRs is its anomalous zeroth Landau level (n=0 LL), which resides permanently 
at the Dirac points even as the magnetic field varies.27-29 This is unlike the case of 
other materials, e.g. two-dimensional electron gases, where the LLs are created only 
within the conduction band or the valence band, and these levels shift as the applied 
magnetic field changes.30 At smaller B-field, i.e. when the cyclotron radius of electron 
motion is larger than the GNR width, a different effect is observed. It was found that 
the bandgap of armchair GNR (AGNR) is reduced with application of the B-field. 
This is because the lowest conduction subband and the highest valence subband shift 
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closer to one another (they would ultimately  meet to form the n=0 LL). Due to this 
bandgap reduction, the electronic properties of AGNRs can be significantly modified 
by the application of a B-field.24,25,31,32 
Recently, magnetoresistive (MR) effects have been explored 
experimentally33,34 and theoretically35-38 in graphene based structures. Using ab-initio 
calculations, Kim  et  al.38 predicted a very large MR in spin-valve (SV) devices with 
zig-zag GNR (ZGNR) channel, owing to the unique spin and orbital symmetry of the 
ZGNRs.38 However, using tight-binding (TB) approximation, Bery et al.36 predicted 
very small MR in a 2D graphene-based SV, due to the weak dependence of the 
graphene conductivity on the electronic parameters of the ferromagnetic (FM) 
contacts. Similarly Saffarzadeh  et al.37 also showed that the planar FM/GNR/FM 
junction with zig-zag (armchair) interfaces exhibits a high (low) MR ratio.   The above 
transport calculations have been supplemented by experimental works.  For  instance, 
Hill et al.34 have experimentally observed a 10% MR ratio in a GNR based SV device, 
where a 200nm GNR was connected to NiFe contacts.  
In all these previous studies, the MR effect was induced by the change in the 
relative magnetic orientations of the left and right FM contacts. However, in this 
work, we will focus on an intrinsic MR property in AGNRs, which arises from the 
decrease of the bandgap under an applied B-field, as a result of the subband energy 
shifts in the formation of the n=0 LL. We investigate the MR effect in AGNRs, and 
calculate its dependence on temperature (T) and source-drain bias voltage (VSD).  We 
find that utilizing the intrinsic effect, the AGNR can provide a high MR ratio under 
optimal VSD even without FM contacts.  Additionally, we also study the effect of edge 
roughness (ER) on the electronic transport and magnetic sensitivity of the AGNR. 
This is in view of the fact that it is still an experimental challenge to fabricate precise 
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edge nanostructure in GNRs and avoid undesired ER. We find that ER can induce an 
increase in the bandgap of AGNRs. This in turn, results in a rather unexpected 
improvement of the magnetic sensitivity and the MR of our device. Note that, unlike 
typical MR effect which is related to the spin asymmetric scattering, the MR effect 
reported in this paper is solely the result of the B-field induced bandgap modification. 
 
II. Methodology 
Figure 1(a) shows the schematic structure of an AGNR. We employ the -orbital tight 
binding model to investigate the electronic structure of an AGNR under a uniform 
perpendicular B-field. The real space -orbital tight binding Hamiltonian31,39 of a 
GNR is  
, '
,
n n n n m n m
n n m
H V a a t a a             (1) 
where Vn=0 is the onsite energy at site n, and tn,m (-3 eV) is the hopping energy 
between two bonded atoms m and n. In the presence of a B-field, the Hamiltonian, 
H(B), is modified based on Peierls phase approximation24,40. The B-field of 
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where ln(m) is the coordinate of atom n (m), and tn,m (0) is the hopping energy under 
zero B-field. The electron transport behaviors of the AGNR are studied using the non-
equilibrium Green’s function (NEGF) formalism41. In the NEGF formalism, the zero 
temperature conductance, g(E,B) across the GNR is given by: 
]),(),(),(),([),( 0
 BEGBEBEGBETrgBEg rDrS ,    (2) 
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where 1)],(),()([),(  BEBEBHEIBEG DSr  is the retarded Green’s 
function of the GNR channel, ),()( BEDS is the self energy of the source (drain) 
leads, )],(),([),(
)()()(
BEBEiBE
DSDSDS
 , and g0=q2/h. To obtain the current, 
semi-infinite normal metal leads are assumed at both ends, whose density of state is 
taken to be constant around the Fermi level region and is set to 0.03/eV/atom/spin. 
The normalized current density across the structure, J, is computed as follows:  
  dEBEgEfqLJ y ),()(
21   ,       (3) 
where f(E)=fS(E)-fD(E), 
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EF is the Fermi level to be set at zero (intrinsic level of AGNRs), Ly is the width of 
AGNR and VSD is the applied bias voltage across the structure. Finally, the MR ratio 
is determined as follows:  
%100]1)0(/)([%100
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,    (4) 
where J(B) and J(0) is the current density at finite and zero B-fields, respectively.  
 
 III. Result and discussion 
III.1 Ideal AGNR 
Figure 1(b) illustrates the energy dispersion relations and zero temperature 
conductance of a typical AGNR structure with (sold line) and without (dashed line) B-
field, respectively. It can be observed that the subband edges are shifted under an 
applied B-field. EY1 is defined as the band-edge energy of the first subband in the 
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absence of a B-field. At energy levels below EY1, i.e. |E|<EY1, the electron 
transmission is zero. When B-field is applied, the lowest subband is shifted to a lower 
energy level, EY1’. Therefore in the presence of magnetic field, the transmission will 
be finite for the range of energy in between EY1 and EY1’ (EY1<E<EY1’) – see the 
circled region in Fig. 1(b). This indicates the possibility of modulating the electronic 
transmission in AGNRs via application of a B-field and by a proper selection of the 
Fermi level and the operating bias. Due to the electronic sensitivity of AGNR with 
varying B-field, AGNRs show high (low) conductance at high (low) B-field, resulting 
in a MR effect (Eq. 4). 
Next, we investigate the electronic sensitivity of AGNR width with varying B-
field. A previous study has shown that AGNRs can be divided into three different 
families,42 namely, AGNR1, AGNR2, and AGNR3, based on the total number of 
rows in the AGNR (i.e., GNR width), Na = (3p+1)/(3p)/(3p-1), where p is an integer. 
As shown in the inset of Fig. 2, AGNR1 always show the largest variation in Eg under 
a fixed B-field compared to AGNR2/AGNR3 in the same width range (same p value). 
At high B-field the quantum confinement of electrons caused by the finite spatial 
width becomes less significant than that due to the applied B-field, and thus AGNRs 
of similar widths will have similar bandgaps. At B=0, AGNR1 has the highest Eg42. 
Hence, at higher B-field the Eg of AGNR1 drops more drastically compared to that of 
AGNR2/AGNR3, implying higher magnetic sensitivity of AGNR1. As shown in 
Fig.2, amongst AGNRs with widths in both ranges of 7-8 nm (p=20) and 10-11 nm 
(p=29), AGNR1 in either range shows a steeper drop with increasing B-field. Since 
the higher sensitivity of AGNR1 to B-field indicates greater suitability for MR 
applications, we will focus on AGNR1 with Ly of 15.4 nm (p=41) in the following 
analysis. 
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Figure 3(a) shows the g(E,B) profile when semi-infinite metallic contacts are 
connected to the AGNR as the source and drain, and a finite bias of VSD=150 mV is 
applied across the device. The inset of Fig. 3(a) plots the product g(E,B)×f(E) as a 
function of E. The temperature is set at T=100 K, such that f(E)  1 within the 
transmission window of -eVSD/2 < E < eVSD/2. It is clear that the area below the 
g(E,B)×f(E) curve, which gives a measure of the current J, is larger when a finite B-
field is applied, resulting in a monotonic increase of J with applied B-field [see Fig. 
3(b)]. Based on Eq. 3, the increase in J can be attributed to the shift of the EY1 to 
lower energy, thus causing more g(E,B) peaks to fall within the transmission window 
where f approaches 1. The increase in J(B) with increasing B also translates to an 
increase in MR  (following Eq. 4), as shown in Fig. 3(c). Furthermore, we investigate 
the temperature dependence on J(B) and MR of AGNRs, and found that as 
temperature increases from T=100 K to T=300 K, J(B) increases but MR decreases 
for a fixed B-field. The former trend can be understood by the broadening of f(E) 
due to increasing temperature. As a result, the overlap between f(E) and g(E,B) 
increases and thus, J(B) increases. However, it is interesting to note that the increase 
of J(0) is more than twice larger than the increase of  J(B=15T) as the temperature 
increases. This is because at larger B-field, g(E,B) is shifted closer to the peak of 
f(E) between E=S and E=D, i.e. E=0. As T increases, f(E) broadens and thus the 
magnitude of f(E) closer to the peak decreases while the tail of f(E) increases. This 
results in a relatively smaller increase of J(B>0) compared to J(0) which is mainly 
dominated by the tails of f(E), and thus causes the MR ratio to degrade with 
increasing T, as shown in Fig. 3(c).  
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Next, we study the dependence of VSD on MR effects in AGNR devices. Fig. 4 
shows MR variation with increasing VSD at T=0 K under B=5 T.  At zero temperature, 
the f(E) is a rectangular function and thus transmission occurs only within the energy 
range of –eVSD/2<E<+eVSD/2. When VSD < Eg, the transmission window falls within 
the band-gap region, and thus the tunneling current from the source to drain is almost 
zero for a sufficiently long channel. When VSD>Eg, the transmission window 
becomes larger, and encompasses the lowest subband. This leads to an increase in 
J(0), and thus a smaller fractional increase in current when a B-field is applied. This in 
turn translates to a lower MR following Eq. 4. The decrease in MR occurs in an 
oscillatory manner, which reflects the discrete profile of the conductance peaks of 
g(E,B), as shown in Fig. 3(a). Interestingly, when VSD is large enough, the MR ratio 
may even be negative. This is because, at higher VSD, part of the contribution to J(0) 
comes from the electrons occupying the higher subbands (2nd , 3rd, and so on). Unlike 
the lowest subband which shifts towards E=0 with an applied B-field, the higher 
subbands move towards higher E. Hence, at certain B-fields, they will move out of the 
transmission window, c.f., Fig. 1(b), resulting in decrease of J(B) and negative MR. 
Referring to the inset of Fig. 4, the oscillations in MR are washed out by the 
broadening of the Fermi function as the temperature increases. At T=100 K, the MR 
can still be tuned to reach a peak of close to 100% at VSD  75 mV. But at higher 
temperatures (i.e. T = 200 K and 300 K), however, the MR monotonically decreases 
to zero with increasing VSD. The results illustrate the dual role of the source-drain bias 
VSD in our proposed device – i) to maximize the MR ratio by ensuring that VSD 
coincides with the peak MR value, and ii) to ensure a sufficiently large current, so as 
to drive the whole circuit for device applications. Therefore, it is important to 
optimize the VSD, such that a high MR can be obtained with sufficient current density.    
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III.2 Influence of edge-roughness on the MR of AGNR. 
In a more realistic device, imperfections like edge-roughness are unavoidable. 
Thus it is important to study the performance of the device in the presence of atomic 
disorders at the edges. The schematic structure of a smooth AGNR, and an AGNR 
with edge-roughness are shown in the inset of Fig. 5(c).  The ER is modeled by the 
following principle. The carbon dimers along the top and bottom edges were 
randomly removed according to the percentage of ER assumed.  A similar number of 
dimers will be added randomly above and below the top and bottom row of the GNRs. 
The ER is quantified as the percentage of carbon atoms which are dislocated at the 
edges.  Based on the atomic geometry with the required level of ER, the new 
Hamiltonian H(B) is generated. In this work, for each ER level, five samples are 
generated randomly. Then, the computed J and MR are averaged over the five 
samples to obtain the overall behavior. 
Fig. 5(a) and (b) respectively show the current density (J) and MR of the 
individual ER geometric configurations (plot symbol ‘+’) and the average value 
(denoted by the solid line). In general, under a magnetic field of B = 5T, the average J 
decreases with increasing ER while the average MR increases with increasing ER. To 
explain these trends, we plot g(E,B) for devices with smooth (ER=0%) and rough 
(ER=25%) edges. When B=0T, we found that the conductance gap of the AGNR with 
rough (ER=25%) edges is larger than that of the AGNR with smooth (ER=0%) edges. 
As shown in Fig. 5c, for the rough-edged AGNR, the first conductance peak in the 
positive and negative energy range, respectively, shifts to higher and lower energy. 
This ER induced conductance gap43-47 is, however, less significant in the presence of a 
B-field of B=5 T. Hence, the bandgap reduction due to B-field is larger for AGNR 
with rough edges, i.e. the shift of the g(E,B) peaks for ER=25% (dotted curve in Fig. 
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5c) is larger compared to that for the case of ER = 0% (solid curve). This indicates 
that the atomic disorders at the edges may actually enhance the magnetic sensitivity of 
the device. 
To further analyze these effects, the variation of conductance gap with ER, 
and the effect of B-field on ER induced conductance gap are summarized in the inset 
of Fig. 5(b). It can be observed that 1) conductance gap of 15.4 nm wide AGNR 
increases with increasing ER,43-47 and 2) the effect of ER on the conductance gap is 
reduced at higher B-field, i.e. the rate of increase in conductance gap with ER is lower 
at B=5T compared to that at B=0T. This is because, at higher B-field, the electrons in 
the GNR are confined by the B-field in addition to the edges, and thus the effect of the 
edge profiles on conductance gap is less prominent. Therefore, although the current 
decreases as ER increases under both B=0T and B> 0T, the reduction of the latter 
such as J(B=5T) is  less than that of J(B=0T). As a result, MR of the AGNR is 
enhanced from 80% to 150% as ER increases from 0% to 35%, as shown in Fig. 5(b). 
This result indicates that in a more realistic case which incorporates edge 
imperfections, the MR would actually improve without compromising on the current 
density. 
 
IV. Conclusion 
In summary, the mechanism of MR effects in AGNRs due to the modulation of 
bandgap has been proposed. Unlike in the case of conventional graphene-based spin 
valves, the MR effect does not rely on a change in the relative magnetization 
orientation of the ferromagnetic leads. Instead, it is an intrinsic effect, which is 
primarily caused by the subband shifts involved in the formation of n=0 LL under a 
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B-field, resulting in a narrowing of the bandgap. We found that n=3p+1 AGNR group 
shows the highest sensitivity to a change in the B-field, which translates into the 
highest MR ratio at smaller B-field values. The MR is, however, suppressed by 
increasing temperature due to thermal broadening of the Fermi distribution function. 
We also showed that the operating bias is also one of the key parameters to optimize 
the  MR and driving currents required for device applications. An excessively large 
bias will cause more electrons to occupy the higher subbands leading to a degradation 
of MR. Therefore, a careful optimization of these different parameters is necessary to 
obtain the optimum MR. Finally, we incorporate edge roughness (ER) for a realistic 
model of the AGNR nanoribbon, and investigate its effect on the carrier transport. 
Although the presence of ER suppresses the current density, the MR ratio is actually 
enhanced. This may be explained by the fact that the magnitude of the ER-induced 
conductance gap diminishes under finite B-fields. This results in a greater reduction of 
current at zero B-field compared to that at finite B-fields, thus improving the MR 
ratio. 
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FIGURE CAPTION 
 
FIG. 1 (color online)  (a) The schematic structure of an AGNR. (b) The E-k band diagram and the zero 
temperature conductance curve for a typical AGNR. Solid (dotted) curves show the results when a zero 
(finite) uniform perpendicular magnetic field is applied (B-field). The arrows indicate the shift in 
curves due to application of B-field. The circle indicates the region within which the MR effect is 
noticeable.  
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FIG. 2 (color online) The sensitivity of different types of AGNR with applied uniform perpendicular 
magnetic field (B-field). The band gap (Eg=2EY1) variation of two pairs of AGNR1 and AGNR2 is 
compared. In both cases, the Eg of AGNR1 drops more drastically compared to AGNR2, implying 
higher magnetic sensitivity of AGNR1. The inset summarizes the results for magnetic sensitivity of 
bandgap, ∆Eg=Eg(0)-Eg(B), where Eg(0) and Eg(B) are bandgaps when B=0T and B>0 (for instance, a 
value of 50 T is used in this calculation), respectively. Within a small range of Ly, AGNR1 is always 
more sensitive compared to AGNR2/AGNR3. When Ly increases, ∆Eg increases to a maximum value, 
and then decreases with further increase in Ly.  
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FIG. 3 (color online)  (a) The variation of zero temperature conductance, g at different energy levels, E 
for B=0T and B=10T.  The g curve is shifted closer to E=0 at B=10T. The inset shows the variation of 
∆f×g at T=0.  The area below the ∆f×g curve is proportional to the total current density, J. This area is 
larger for the case of B=10T. (b) The variation of J with B-field at T=100K, 200K, and 300K. The 
increase in J with T is suppressed at larger B. (c) The variation of magnetoresistance (MR) with B-field 
at T=100K, 200K, and 300K. MR decreases with increasing T. [Ly=15.4nm, VSD=150mV and 
Lx=65nm.] 
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FIG. 4 (color online)  The increase in normalized current density, J and variation of MR with 
increasing VSD, indicating the importance of optimizing VSD in order to achieve high MR with sufficient 
J. [Ly=15.4nm, Lx=65nm, and T=0K]. In the MR computation, a value of B=5T was used. Inset shows 
the MR and J for T=100K, 200K, 300K. Unless otherwise stated the axes in the inset are similar to the 
main figure.  
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FIG. 5 (color online)  (a) The variation of the current density, J with increasing edge-roughness (ER). 
(b) The variation of MR with increasing ER. The inset of (b) shows the percentage change in the 
condutance gap of the device due to ER. The conductance gap increases with ER. However, this rate of 
increase is suppressed in the presence of a B-field. For each ER, the average of five different samples 
was taken. (c) The variation of zero temperature conductance, g at different energy levels, E for B=0T 
(thick lines) and B=5T (thin lines) when ER=0% (solid lines) and ER=25% (dotted lines).  The shift in 
the curve due to B-field is more significant for the case of ER=25% (dotted lines) compared to the case 
of ER=0% (solid lines).  The insets of (c) schematically show the structure of a smooth AGNR and that 
of an AGNR with edge-roughness. [Ly=15.4nm, Lx=65nm, and T=100K]. 
